Intracellular structural alterations are hallmark of several disease conditions and treatment modalities. However, robust methods to quantify these changes are scarce. In view of this, we introduce a new method to quantify structural alterations in biological cells through the widely used confocal microscopy. This novel method employs optical eigenfunctions localization properties of cells and quantifies the degree of structural alterations, in terms of nano-to micron scale intracellular mass density fluctuations, in one single parameter. Such approach allows a powerful way to compare changing structures in heterogeneous cellular media irrespective of the origin of the cause. As a case study, we demonstrate its applicability in cancer detection with breast and prostate cancer cases of different tumorigenicity levels. Adding new dimensions to the confocal based studies, this technique has potentially significant applications in areas ranging from disease diagnostics to therapeutic studies, such as patient prognosis and assessing survival potential.
INTRODUCTION
Structural alterations in cellular organelles are commonly occurring phenomena. Events ranging from exposure of radiation and heat, disease processes, such as cancer and inflammation, as well as response to therapeutic treatments, etc., are known to proceed with such alterations affecting the cell's dynamics and function [1] [2] [3] [4] [5] [6] . These changes are usually characterized qualitatively by light microscopy but methods to characterize them quantitatively are scarce. Although, recently there have been few attempts to quantify the degree of intracellular structural alterations [7] [8] [9] , a robust method capable of providing an easy comparison of changing structures in cell like media is still missing. The complexity involved in quantifying structural alterations, also termed as structural disorder, arises due to the heterogeneous nature of the cell, which requires the use of various spatial mass density correlations, such as exponential decay, stretched exponential decay, morphological multi-fractality, etc 10, 11 . Such situation demands multiple length scales to be considered for characterizing the system. This calls for the development of a method which not only efficiently quantifies the degree of intracellular structural disorder by taking into account all the structural statistics of a cell, but also provides an easy comparison technique, for example, by measuring in a single parameter. Additionally, the method should also be practical and compatible with common imaging modalities used in biomedical research.
With these considerations in mind, we have developed a novel method to quantify structural disorder inside cells through the widely used confocal microscopy. The method employs analyzing the optical eigenfunctions localization or light localization properties of a refractive index disordered optical lattice system constructed via confocal imaging of the cells. The quantification is performed in one single parameter, namely the average inverse participation ratio (IPR) value of the optical lattice system. The IPR value, calculated through the statistical analysis of the eigenfunctions of the lattice system, is a measure of the strength of light localization in an optical lattice, which in turn is an indicative of the degree of effective disorder in the system 12, 13 . Such approach provides a better tool for comparing changing structure of a heterogeneous cellular media irrespective of its origin of cause.
Therefore, this method is quite versatile and universal, potentially capable of applying for a spectrum of research and diagnostic purposes, where the cellular structural deformities occurred irrespective of the cause. Analysis of disordered systems through its optical eigenfunction localization or light localization properties is an extensively used technique in condensed matter physics 14 , and herein we for the first time employ such powerful approach to characterize structural changes in biological systems through the commonly used confocal microscopy. In this article, we first briefly describe the background, theoretical framework, and working principle of the technique along with a discussion of its importance. We then present a case study of its application in cancer detection. We demonstrate that this technique can be efficiently employed to quantify nano-to micron scale levels of spatial mass density fluctuations, associated with the resolution of confocal microscopy, in nuclear DNA in cells at different stages of carcinogenesis. Thus, potentially presenting a novel method for cancer detection. Finally, we have also discussed the potential applications of the technique to a wide range of research and diagnostic areas such as cancer detection, radiation damage of cells, cells in tress, sickle cell anemia etc., based on cell/tissue structural alteration/deformities, where confocal microscopy is used as standard characterization modality.
METHODs

Confocal microscopy imaging as tool to quantify structural disorder in cells and tissues:
Confocal microscopy (CFM) is one of the widely used fluorescence microscopic technique for studying biological samples.
The pinhole system used in CFM allows rejecting the out of focus light, which results in higher resolution, better SNR, and therefore relatively accurate quantitative measurements 15, 16 . To perform quantitative measurements through CFM the underlying idea is that the fluorophores molecules that is used for staining the target molecules stoichiometrically binds with them; the fluorescence intensity detected in the image plane correlates with the fluorophores concentration, therefore, pixel-wise intensity analysis of a 2D confocal image is representative of local concentration or mass density distribution inside the cell [15] [16] [17] [18] [19] [20] [21] . The pixel intensity detected in the confocal image plane, I det , depends upon the illumination intensity in the sample and the fluorescence intensity from the voxel at (x,y) at a depth z inside the sample 22 . In the present work, we make approximations that (i) Average intensity fluorescing out of a voxel is linearly proportional to the mass-density (local concentration) of the target molecules obtain a refractive index matrix of the whole 2D sample. It is important to point out here that relative to 3D, light localization is stronger in 1D and 2D media 25 . In fact, light localization in weakly disordered media is a well-studied topic in soft condensed matter physics especially for 2D 12, [26] [27] [28] . . For a simple case with strong light localization properties, we therefore have considered analyzing the properties of 2D optical lattice system constructed from 5 confocal imaging. In particular, we chose to analyze several 2D confocal images separately taken from the z-stacks, rather than considering the whole z-stack together, which forms the 3D shape of the cell Hamiltonian for the entire lattice system can be written using the TBM when inter-lattice site hopping is restricted to only the nearest neighbor, given by,
where t is the inter-lattice site hopping or overlapping integral parameter (in Eq. (1)). From the above Hamiltonian, the average value of IPR is calculated 12, 29 ,
where, in Eq. (2), E i is the i th eigenfunction of the lattice Hamiltonian, and L×L is the dimension of the sample. The IPR value of an eigenfunction provides the degree of localization of the eigenfunction, which, in turn, is a measure of the degree of disorder of the sample. Simply stated, a higher average IPR value suggests higher disorder in the Fig. 2(a) ) and MCF-7 ( Fig. 2(b) ) cells were determined as described in Eq. 3. The corresponding L d images are shown in Figure 2 (Fig. 3(d') ) was higher than that calculated for LNCaP cells (Fig. 3(b') ). Since C4-2 is derived from cell line LNCaP, it is expected to have higher tumorigenicity and metastatic potential compared to LNCaP, which is in agreement with our results. In summary, the work presented herein describes a novel method to extract mass density (or refractive index) fluctuations information inside the cell nuclei by using confocal fluorescence microscopy in the length scale of ~200 nm to ~2 µm. By analyzing the optical eigenfunction or light localization properties of the cells, we are able to quantify the nano to submicron scale structural disorder in nuclear DNA. This novel technique allows us to characterize the degree of structural disorder using a single parameter, L d =dn×l c , which permits a better comparison of the structural alteration in heterogeneous media, in particular, in progressive carcinogenesis. 
